Disrupted-In-Schizophrenia 1 (DISC1) was identified as a novel gene disrupted by a (1;11)(q42.1;q14.3) translocation that segregated with schizophrenia in a Scottish family. Predicted DISC1 product has no significant homology to other known proteins. Here, we demonstrated the existence of DISC1 protein and identified fasciculation and elongation protein zeta-1 (FEZ1) as an interacting partner of DISC1 by a yeast two-hybrid study. FEZ1 and its nematode homolog are reported to represent a new protein family involved in axonal outgrowth and fasciculation. In cultured hippocampal neurons, DISC1 and FEZ1 colocalized in growth cones. Interactions of these proteins were associated with F-actin. In the course of neuronal differentiation of PC12 cells, upregulation of DISC1/FEZ1 interaction was observed as along with enhanced extension of neurites by overexpression of DISC1. The present study shows that DISC1 participates in neurite outgrowth through its interaction with FEZ1. Recent studies have provided reliable evidence that schizophrenia is a neurodevelopmental disorder. As there is a high level of DISC1 expression in developing rat brain, dysfunction of DISC1 may confer susceptibility to psychiatric illnesses through abnormal development of the nervous system.
Schizophrenia is a debilitating mental disease that affects about 1% of the population. Like many other psychiatric disorders, schizophrenia is thought to involve the combined effects of multiple genetic components. 1, 2 Research, such as linkage analyses and association studies, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] has not yet identified definitive genes responsible for the disease.
In a large Scottish family, a balanced (1;11) (q42.1;q14.3) translocation that segregated with schizophrenia and affective disorders with an LOD score of 7.1 was found. 13, 14 Disrupted-In-Schizophrenia 1 (DISC1) on chromosome 1 was identified as a novel gene disrupted by this translocation. 13 Family members exhibited no distinctive features by which the psychiatric phenotype could be distinguished from unrelated cases.
14 Moreover, translocation carriers showed a significant reduction in the amplitude of the P300 event-related potential, which was also observed in unrelated patients with schizophrenia. 14 These findings suggest that disruption of the function of this gene may confer susceptibility to these mental disorders. A linkage report 15 also indicated 1q42 as a possible locus for schizophrenia in a study of Finnish families.
In the present study, we performed expression and functional analysis of DISC1 to elucidate the pathophysiological role of this candidate gene for schizophrenia. We first showed the enhanced level of DISC1 expression in rat brain at a developing stage, and then the existence of DISC1 protein was revealed by an antibody raised against the predicted amino-acid sequence. Furthermore, we identified fasciculation and elongation protein zeta-1 (FEZ1) as an interacting partner of DISC1. The interaction of DISC1 and FEZ1 was associated with actin cytoskeleton and upregulated during neurite outgrowth.
Materials and methods
In situ hybridization A mouse homolog of DISC1 with a conserved surrounding genomic structure was identified on chromosome 8 and partial cDNAs of mouse and rat homolog were revealed. A fragment of rat cDNA that corresponds to 450-1174 nucleotides (nt) of human cDNA was obtained by PCR using the primers 5 0 -GGACAGTGGTTGTCGGCAAGA and 5'-AGGGCAGG-CGGCCTTTCTCCTGTTCCAG, and then subcloned into pGEM-T (Promega, Madison, WI, USA). Digoxigenin-labeled cRNA probes (antisense and sense) were generated by in vitro transcription using the cDNA fragment as a template in the presence of digoxigenin-labeled dUTP (Roche, Sydney, Australia). Hybridization and posthybridization procedures were performed as described. 16 Yeast two-hybrid screening The human DISC1 C-terminal domain (amino acids 348-854) was cloned into pAS2-1 (GAL4 DNAbinding domain vector, Clontech, Palo Alto, CA, USA) as bait. Yeast strain AH109 was transformed with the bait plasmid, mated with strain Y187 pretransformed with a human adult brain cDNA library (Clontech) and plated on a quadruple dropout medium (-Ade,-His,-Leu,-Trp). The screening procedure accompanied with an a-galactosidase assay was performed as described (Clontech Pretransformed MATCHMAKER Libraries User Manual). To determine the regions involved in the interaction, AH109 was cotransformed with truncated forms of human DISC1 and human FEZ1 subcloned into pAS2-1 or pACT2 (GAL4 activation domain vector, Clontech), respectively, and then assayed.
Plasmids
Full-length human DISC1 cDNA and its splicing variant form were cloned into pcDNA3.1( þ ). (Invitrogen, Carlsbad, CA, USA) and used in the Western blot analysis for the detection of endogenous DISC1. Human DISC1 cDNAs coding full protein, FEZ1-binding region (amino acids 446-633) and deleted protein that lacks the binding region were tagged with FLAG sequence at 3' end. Human FEZ1 cDNA was tagged with HA sequence at 3' end. These tagged constructs were cloned into pcDNA3.1( þ ) and used in the immunoprecipitation assay. Human DISC1 cDNA was also cloned into pEGFP-N1 (Clontech) and used in the immunocytochemical analysis. Human DISC1 cDNA coding FEZ1-binding region was also cloned into a bicistronic expression vector, pIRES2-EGFP (Clontech), and transfected to stable PC12 cells.
Cell culture and transfection HEK293T cells, SK-N-SH cells and PC12 cells were cultured in DMEM containing 10% fetal calf serum (FCS), aMEM/10% FCS and DMEM/10% horse serum/5% FCS, respectively. Hippocampal neurons were prepared from embryonic day 18 Wistar rats as described 17 and cultured in DMEM/10% FCS for 24 h. The medium was then replaced with DMEM/B27 supplement (Invitrogen). For the generation of PC12 cells stably expressing DISC1, FLAG-tagged human DISC1 cDNA in pcDNA3.1( þ ) was linearized by ScaI and transfected to PC12 cells. At 48 h after transfection, Geneticin (Invitrogen) was added at a concentration of 400 mg/ml. Several clones were picked, expanded in the selective medium and then checked for the expression. Mock-stable lines were also generated by the same procedures. For neuronal differentiation, PC12 cells were starved for serum for 4 h and then treated with nerve growth factor (NGF) at a concentration of 50 ng/ml. For the transfection of cells mentioned above, Lipofectamine 2000 (Invitrogen) was used according to the manufacturer's instructions.
Antibodies
Rabbit anti-human DISC1, anti-rat DISC1 and anti-FEZ1 polyclonal antibodies were raised against SCMTAGVHEAQA of human DISC1, RTPHPEE-EKSPLQ of rat DISC1 and KVPTLLTDYILKVL of human and rat FEZ1, respectively, and affinitypurified. Monoclonal anti-FLAG (Sigma-Aldrich, St Louis, MI, USA) and polyclonal anti-HA (Santa Cruz Biotechnology, Santa Cruz, CA, USA) antibodies were used in immunoprecipitation assays. Monoclonal anti-actin antibody (Chemicon, Temecula, CA, USA) was used in Western blot analysis.
Western blot analysis
Cells were homogenized in TNE buffer (20 mM TrisHCl pH 7.5, 150 mM NaCl, 1 mM EDTA) containing 1% NP40 in the presence of protease inhibitors, incubated on ice for 1 h and centrifuged at 15 000 g for 20 min. Lysates were boiled with SDS sample buffer for 5 min, subjected to SDS-polyacrylamide gel electrophoresis (PAGE) and transferred to the PVDF membrane. After blocking with 5% membrane blocking agent (Amersham Biosciences, Buckinghamshire, UK), the membrane was incubated with the primary antibody for 12 h at 41C. For the detection of human DISC1, rat DISC1 and FEZ1, antibodies raised against these proteins were used at 1 : 500, 1 : 500 and 1 : 250 dilutions, respectively. The membrane was then incubated with anti-rabbit or mouse IgG, HRP-linked antibody (Cell Signaling Technology, Beverly, MA, USA) at 1 : 10 000 dilution for 1 h at room temperature. Immunoblotting was visualized by chemiluminescence using the ECL kit (Amersham Biosciences).
Immunohistochemistry
Adult rats under deep pentobarbital anesthesia were perfused transcardially with 100-300 ml of Zamboni solution. Brain was removed and infused with 30% sucrose overnight at 41C. Free-floating tissue sections were incubated in 3% hydrogen peroxide for 30 min to block endogenous peroxidase activity. After blocking with 5% bovine serum albumin, purified anti-rat DISC1 antibody was applied at a 1 : 100 dilution overnight at 41C. Primary antibody was detected using the avidin-biotin methods (Vectastain ABC kit; Funakoshi, Tokyo, Japan) and visualized with diaminobenzidine (DAB). Stained sections were mounted on gelatine-coated glass slides, dehydrated in ethanol and observed by light microscopy.
Immunocytochemistry
Cells were fixed with 4% paraformaldehyde and permeabilized with 0.3% triton X-100. After blocking with 3% bovine serum albumin, purified anti-human DISC1, anti-rat DISC1 and anti-FEZ1 antibodies were applied at 1 : 100, 1 : 100 and 1 : 50 dilutions, respectively, for 24 h at 41C. The secondary antibody (Alexa Flour 594-labeled goat anti-rabbit IgG, Molecular Probes, Eugene, OR, USA) was then applied at 1 : 500 dilution for 1 h at room temperature. For the detection of F-actin FITC-labeled phalloidin (SigmaAldrich) was used at 1 : 1000 dilution. Confocal microscopy was performed using an LSM-510 laser scanning microscope (Carl Zeiss, Germany).
Preparation of subcellular fractions
Subcellular fractionation for the separation of filamentous actin (F-actin) and globular actin (G-actin) was performed as described.
18 SK-N-SH cells were lysed in 10 mM MOPS pH 7.0, 1.0% Triton X-100, 10% glycerol, 0.5 mM EDTA, 10 mM Na 4 P 2 O 7 , 50 mM NaF, 1 mM Na 3 VO 4 , 1 mM DTT in the presence of protease inhibitors. A measure of 2 mg/ml DNaseI was added to one-half of the lysate to depolymerize Factin. 19, 20 After shaking in an ice bath for 15 min, the lysates were centrifuged at 16 000 g for 2 min to remove triton-insoluble cytoskeleton fibers, and the resulting supernatants were further centrifuged at 100000 g for 20 min. The pellets contain Tritonsoluble F-actin, whereas the supernatants contain soluble G-actin. The pellets were washed three times and resuspended in lysis buffer (P fraction), raising the volume to correspond to that of the supernatant fraction (S fraction). The fractions were subjected to Western blot analysis using anti-actin antibody or anti-FEZ1 antibody.
Immunoprecipitation HEK293T cells were transfected with human DISC1-FLAG and human FEZ1-HA, individually or in combination. FLAG-tagged truncated forms of DISC1 mentioned in Plasmids were also transfected in combination with FEZ-HA. Cells were lysed in TNE buffer/1% NP40. Prepared lysates were incubated with anti-FLAG antibody for 2 h at 41C and then with rProtein G agarose (Invitrogen) for 1 h at 41C. Agarose beads were then washed five times with TNE buffer. Immunoprecipitates were separated by SDS-PAGE and then FEZ-HA was detected in Western blot analysis using anti-HA antibody. Conversely, immunoprecipitates by anti-HA antibody were subjected to Western blot analysis using anti-FLAG antibody. PC12 cells were transfected with human FEZ1-HA or mock and then lysed in TNE buffer/1% NP40. Lysates were immunoprecipitated by anti-HA antibody. Immunoprecipitates were subjected to Western blot analysis using anti-actin antibody. Stably human DISC1-FLAG-expressing PC12 cells and mock-stable cells were treated with NGF (50 ng/ml) for 24 h and then lysed in TNE buffer/1% NP40. Lysates were immunoprecipitated by anti-FLAG antibody. Immunoprecipitates were subjected to Western blot analysis using anti-FEZ1 antibody. Cell lysis and blotting procedures were performed as described in Western blot analysis.
Results
Expression of DISC1 in rat brain DISC1 is reported to be expressed throughout the body. 13 We first investigated the distribution of DISC1 mRNA in rat brain by in situ hybridization analysis (Figure 1) . DISC1 was preferentially expressed in hippocampal, cortical, cerebellar and olfactor neurons in adult brain (Figure 1a) . Specificity of hybridization signals was confirmed by an experiment using the sense cRNA probe. Since a relatively high level of expression was observed in the hippocampus, we investigated the DISC1 expression pattern in the hippocampal region at a developing stage. Signals in pyramidal cells of CA1-3 and granule cells of dentate gyrus were more potent at postnatal day 7 than in adulthood (Figure 1b ).
DISC1 interacts with FEZ1
A putative protein of 854 amino acids encoded by the open reading frame in human DISC1 13 ( Figure 2a ) has no significant homology to other known proteins. The N-terminal region (amino acids 1-347) is predicted to consist of one or more globular domains. 13 The helical C-terminal region (amino acids 348-854) is predicted to contain the translocation breakpoint and three stretches with coiled-coil-forming potential by interaction with other proteins. 13 To confirm the existence of human DISC1 protein, we raised an antibody against the C-terminal 12 amino acids of the predicted sequence. This antibody detected two major bands (relative molecular mass, M r , B105 kDa; expected size and B78 kDa) in lysates from SK-N-SH and HEK293T cells (Figure 2b ). Compared to the sizes of overexpressed human DISC1 and its splicing variant that lacks 22 amino acids, 13 endogenous DISC1 appeared to exist as a full-length form and its derivative. Partially revealed cDNA of rat homolog allowed us to raise an antibody against rat protein, which also detected two major bands in lysates from PC12 cells and brains of postnatal day 14 rats (Figure 2c ). To investigate the distribution of DISC1 protein in adult rat brain, we performed an immunohistochemical study using anti-rat DISC1 antibody. A high level of expression was observed in granule cells of dentate gyrus and pyramidal cells throughout the CA1 to CA3 subfields in the hippocampus (Figure 2d ). DISC1 positive signals were also detected in neuronal cells of olfactory bulb, cerebellum, cerebral cortex (data not shown).
To identify interacting partners of DISC1 that might reflect some biological roles for this protein, we performed a yeast two-hybrid study. A human adult brain cDNA library was screened using the C-terminal region (amino acids 348-854) of human DISC1 as bait. One of the positive clones encoded a partial sequence DISC1 participates in neurite outgrowth K Miyoshi et al of FEZ1 (amino acids 129-392), which is a mammalian homolog of the Caenorhabditis elegans UNC-76 protein involved in axonal outgrowth and fasciculation. 21 UNC-76 and FEZ1 are not similar to any previously characterized proteins and represent a new protein family. 21 Human FEZ1 protein is able to complement the function of UNC-76 in the nematode. 21 Coexpression of FEZ1 and the constitutively active mutant of PKCz induced PC12 cells to neuronal differentiation. 22 From these observations, FEZ1 is assumed to play a crucial role in the axon guidance machinery in mammals, although the molecular mechanism involving FEZ1 is still unclear. To determine the regions in FEZ1 and DISC1 involved in their interaction, a yeast two-hybrid assay was performed using various shorter fragments of human FEZ1 and human DISC1 (Figure 3a) . The C-terminal region of FEZ1 (amino acids 247-392), which is highly conserved with the nematode UNC-76, was required for interaction with DISC1. A DISC1 region (amino acids 446-633), containing two stretches with coiled-coil-forming potential and the translocation breakpoint, was shown to be critical for interaction with FEZ1. It is of note that in this assay a DISC1-truncated form (amino acids 348-597) lacking a Cterminus downstream of the translocation breakpoint interacted with FEZ1 weakly, because production of the truncated DISC1 protein would be possible in translocation carriers. 13 The interaction between DISC1 and FEZ1 was confirmed by an immunoprecipitation assay using HEK293T cells (Figure 3b ). The cells were transfected with FLAG-tagged human DISC1 and HA-tagged human FEZ1 expression vectors, individually or in combination. Cell lysates were prepared and immunoprecipitated by anti-FLAG or anti-HA antibody. HA-tagged FEZ1 was detected in the immunoprecipitates by anti-FLAG antibody in Western blot analysis. Conversely, FLAG-tagged DISC1 was detected in the immunoprecipitates by anti-HA antibody. FEZ1 also co-immunoprecipitated with a DISC1 fragment (amino acids 446-633), identified as FEZ1-binding region by the yeast two-hybrid assay, but not with a deleted DISC1 that lacks the binding region. These results demonstrated the interaction between DISC1 and FEZ1 in mammalian cells.
Intracellular localization of DISC1 and FEZ1
DISC1 has restricted structural similarities to structural proteins. 13 On the other hand, in the course of characterization of FEZ1, a pull-down assay using rat brain lysate revealed that FEZ1 interacts with actin (TF and SK, unpublished data). We next examined the intracellular localization of DISC1 and FEZ1 from the viewpoint of cytoskeletal structure. We raised an antibody against FEZ1 which detected a protein of (Figure 4p ), the size revealed by in vitro synthesis. 22 DISC1 exhibited a punctate distribution in the cytosol of SK-N-SH cells with the perinuclear high-density region (Figure 4a ). DISC1 was also located on some filamentous structures which overlapped with F-actin as stress fibers detected by phalloidin staining (Figure  4a-c) . FEZ1 was either punctate stained or distributed along organized filamentous structures, which remarkably overlapped with stress fibres, in the cytosol of SK-N-SH cells (Figure 4d-f) . In cultured rat hippocampal neurons, colocalization of DISC1 and F-actin was observed in neurite growth cones (Figure  4g-i) , where F-actin forms lamellipodia and filopodia, dynamic structures involved in axonal extension. 23, 24 FEZ1 also colocalized with F-actin in growth cones of cultured neurons (Figure 4j-l) . Furthermore, we detected colocalization of transfected GFP-fused human DISC1 and endogenous FEZ1 in the growth cone (Figure 4m-o) . These results suggest that the interaction of DISC1 and FEZ1 is associated with F-actin, presumably by direct binding of FEZ1 to actin. To investigate the association of FEZ1 and F-actin, we performed a subcellular fractionation study. Fractions for separation of F-actin and G-actin were prepared from SK-N-SH cell lysates as described 18 and subjected to Western blot analysis. High-speed pellet fraction (P) and supernatant fraction (S) contain triton-soluble F-actin and soluble G-actin, respectively.
18 FEZ1 was found in P fraction as well as S fraction (Figure 4q , lanes marked DNaseIÀ). When the lysate was treated with DNaseI to depolymerize Factin 19, 20 before the fractionation, FEZ1 was not detectable in P fraction (Figure 4q , lanes marked DNaseI þ ). The depolymerization of F-actin was confirmed by the change of the actin population. This partitioning of FEZ1 into S fraction suggests that the protein, indeed, is associated with F-actin. The interaction between FEZ1 and actin was confirmed by immunoprecipitation assay (Figure 4r ). PC12 cells were transfected with HA-tagged human FEZ1 or mock, and then cell lysates were immunoprecipitated by anti-HA antibody. Coimmunoprecipitation of actin and FEZ1 was detected by Western blot analysis using anti-actin antibody.
DISC1 participates in neurite outgrowth through its interaction with FEZ1
FEZ1 is reported to be involved in axonal outgrowth and fasciculation, 21, 22 and we have shown that FEZ1 colocalizes with F-actin. Reorganization of the actinbased cytoskeletal structure is required for the neurite outgrowth of neurons. 24 We evaluated the physiological role of DISC1/FEZ1 interaction in neuronal cells, especially at the stage of neurite outgrowth using PC12 cells. After stimulation with NGF, PC12 cells stop proliferation and begin to extend neurites. This feature is widely used as a model system for neuronal differentiation and neurite outgrowth. We established PC12 cell lines stably expressing FLAGtagged human DISC1 and then examined the interac- and a deleted DISC1 that lacks the binding region (DISC1/ DBR) were also tagged with FLAG and tested in place of full-length DISC1-FLAG. Immunoprecipitates by anti-FLAG or anti-HA antibody were subjected to Western blot analysis using the reciprocal antibody. tion between FLAG-tagged DISC1 and endogenous FEZ1 in the course of neuronal differentiation. As shown in Figure 5a , the amount of FEZ1 in the immunoprecipitates by anti-FLAG antibody was drastically increased upon NGF stimulation. As NGF stimulation did not alter the expression levels of endogenous FEZ1 (Figure 5a, lower panel) and FLAG-tagged DISC1 (data not shown), this result indicates that DISC1/FEZ1 interaction was upregulated during neuronal differentiation. In mock-stable cells, FEZ1 was not immunoprecipitated (Figure 5a ). When treated with NGF, DISC1-stable lines exhibited enhanced neurite extension compared to mock-stable cells (Figure 5b-m) .
As shown in Figure 3 , a DISC1 region (amino acids 446-633) is essential for the interaction with FEZ1 and therefore is expected to function as a dominantnegative form of DISC1 through the inhibition of binding between FEZ1 and full-length DISC1. This region was cloned into a bicistronic expression vector, and then DISC1-stable PC12 cells were transiently transfected with the construct or mock and treated with NGF for 48 h. Transfected cells were labeled by the expression of GFP (Figure 6a) , and the lengths of the longest neurite of each labeled cell were measured. The cells expressing FEZ1-binding region of DISC1 displayed inhibited neurite extension compared to the mock-expressing cells (Figure 6b) . The means 7SE of the lengths of the longest neurite were 80.9724.5 and 32.8727.7 mm for mock-expressing cells and binding region-expressing cells, respectively (Po0.001, Student's t-test, combined triplicate experiments). These results suggest that the interaction of DISC1 and FEZ1 plays a crucial role in neurite outgrowth.
Discussion
In the present study, we identified FEZ1 as an interacting partner of DISC1 by a yeast two-hybrid study. FEZ1 is a mammalian homolog of the C. elegans UNC-76 protein involved in axonal outgrowth and fasciculation. 21, 22 The interaction between DISC1 and FEZ1 was upregulated in PC12 cells during neuronal differentiation. Moreover, neurite outgrowth High-speed pellet fraction (P) and supernatant fraction (S) were prepared and subjected to Western blot analysis using anti-actin antibody or anti-FEZ1 antibody. P and S fractions contain triton-soluble F-actin and soluble Gactin, respectively. One-half of the lysate was treated with 2 mg/ml DNaseI to depolymerize F-actin before the fractionation. (r) Immunoprecipitation assay for the detection of the interaction between FEZ1 and actin. PC12 cells were transfected with human FEZ1-HA or mock, and then lysates were prepared. Immunoprecipitates by anti-HA antibody were subjected to Western blot analysis using anti-actin antibody.
was enhanced by the overexpression of DISC1, and inhibition of the interaction between DISC1 and FEZ1 disturbed this enhanced neurite outgrowth. These results suggest that DISC1 participates in neurite extension machinery through its interaction with FEZ1. It should be noted that a DISC1-truncated form lacking a C-terminus downstream of the translocation breakpoint showed reduced potential for interaction with FEZ1 (Figure 3a) , because production of the truncated DISC1 protein would be possible in translocation carriers. 13 The DISC1 region that displayed a dominant-negative effect on neurite outgrowth consists of 188 amino acids, and our results do not exclude the possibility that this effect can be attributed to the interaction of the region with partner(s) other than FEZ1. A recent study 25 has identified possible DISC1 interactors including cytoskeleton-related proteins by yeast two-hybrid screening using two portions of human DISC1 as bait, which partially overlap the region of the dominant-negative form. Further studies to determine restricted regions essential for the binding to interactors should be conducted.
In the Scottish family, the translocation was not associated with any physical disorders.
14 It is unclear why the disruption of DISC1 by translocation causes psychiatric diseases selectively regardless of its expression throughout the body, 13 while interacting partner(s) with the restricted expression to the brain might well explain this selectivity. The expression of FEZ1 is highly specific to the brain, 22 and the elevated level of FEZ1 expression was observed in neurons of rat brain at embryonic day 18 and postnatal day 7 (unpublished data). In the study of nematode, the severe defects in newly hatched unc-76 mutant larvae suggest the importance of UNC-76 in nervous system development. 21 Combined with the enhanced DISC1 expression in rat brain at a developing stage ( Figure  1b ), these findings imply that FEZ1/DISC1 interaction plays a crucial role in the development of the mammalian nervous system. Recent studies have provided reliable evidence that schizophrenia is a neurodevelopmental disorder. 3, 26, 27 Cytoarchitectual change in the hippocampus have been noteworthy among the various neuropathological abnormalities reported in schizophrenia. [28] [29] [30] Decreased neuronal size and alterations in presynaptic and dendritic markers suggest abnormalities in the hippocampal neural circuitry in schizophrenia. 30 In this regard, it is of note that the expression of DISC1 was abundant in hippocampal neurons especially at a developing stage (Figure 1a, b) , suggesting the potential involvement of DISC1 in the formation of the hippocampal neural circuits. This raises the possibility that dysfunction of DISC1 may confer abnormal development of the nervous system, leading to susceptibility to psychiatric illnesses.
In the Western blot analysis, an antibody raised against human DISC1 detected at least two bands in lysates from human cell lines (Figure 2b ). The band of 105 kDa fitted the expected size of human DISC1. As overexpressed 78 kDa protein was detected in the lysate from cells transiently transfected with fulllength human DISC1 cDNA, this smaller form of DISC1 was thought to arise from post-translational modification. Further examination as to the origin of the 78 kDa protein is needed. A recent study 25 has reported the existence of two forms of DISC1 in rat brain and the upregulated expression of the fulllength form at developing stages, suggesting the importance of the full-length form with respect to the development of the nervous system. In the present study, an antibody raised against rat protein also revealed two forms in lysates from brains of postnatal day 14 rats (Figure 2c ). The expression pattern of DISC1 protein revealed by immunohistchemical analysis lent support to the result in the in situ hybridization study.
The entire pathway involving DISC1 and FEZ1 is still unclear, although these components were identified as cytoskeletal-associated proteins by our findings. The possible implications of DISC1 in the cytoskeleton are also predicted by the recent study 25 and preliminary reports. 31, 32 So far, the disruption of DISC1 by translocation has been found in one family from Scotland. Although dysfunction of DISC1 might account for the pathogenesis of a small subgroup of schizophrenia, elucidation of the pathophysiological role of DISC1 will provide a better understanding of the general etiology of schizophrenia.
